(VASP) (Goh et al., 2002) . These processes are essential for brain development. Few have examined the direct effects of CO as a signaling molecule and its role in neuronal migration, a critical component of neocortical development (Knipp and Bicker, 2009 ). Therefore, this study examined the effects of prenatal CO exposure on the developing neocortex and characterized the structural and functional consequences.
Neocortical development involves the proliferation of neural stem cells followed by migration, and differentiation of neurons in a precisely regulated process. In mice, and mammals in general, the timing of this process is well characterized. Exposure to environmental toxins such as cigarette smoke (Gospe et al., 1996) , cocaine (Crandall et al., 2004; Lee et al., 2011; McCarthy et al., 2011) , alcohol (Kumada et al., 2007) , bisphenol (Nakamura et al., 2007) , methyl mercury (Choi et al., 1978) , radiation (Algan and Rakic, 1997) , methylazoxy methanol (Poluch et al., 2008) or ultrasound (Ang et al., 2006) can result in a myriad of cortical defects based on abnormal proliferation and migration, aberrant cell death patterns, or abnormal gliogenesis (Kriegstein, 1996; Krauss et al., 2003; Pang et al., 2008; McCarthy et al., 2011) .
Although the results of prenatal CO exposure have been studied in the brain, the specific effects on neocortical development and neuronal migration have not. Here we report that prenatal exposure to levels of CO similar to that seen in heavy smokers results in displaced cells born during early and late neurogenesis (E12 or E16) in the mouse. Furthermore, CO exposure causes alterations in the distribution of GABAergic interneurons in the neocortex. A subpopulation of interneurons expressing parvalbumin was also susceptible to this insult. We propose the mechanism mediating this effect is in part due to impaired VASP phosphorylation via partial inhibition of the CO/NO-sGC-cGMP pathway. CO exposure also results in behavioral changes in mice consistent with disrupted neocortical development.
Materials and methods

Animals and exposures
All animal work was approved by the USU IACUC. Timed pregnant mice (CD-1) were purchased from Charles River Laboratories (Wilmington, MA). Pregnant dams were housed individually in their cages within clear acrylic environmental chambers approximately 24 00 Â 24 00 Â 21 00 . Animals were provided with nestlets, food and water ad libitum. The chambers of all groups received an air flow of approximately 20 L/min. A CO concentration of 150 ppm was maintained in one chamber by mixing 7.5% CO with the carrier air flow and monitoring at least once per day (Interscan RM14-500M, Chatsworth, CA). This amount generates HbCO (carboxyhemoglobin) levels in the blood similar to those in a heavy smoker (10-16%). Smokers consume cigarettes to maintain a constant level of plasma nicotine (Henninfield and Goldberg, 1988 ). An average daily CO concentration for a typical experiment was 148 AE 3.8 (mean AE SEM) ppm. Dams displayed no behavioral changes during the exposure period and there was no mortality. See Supplemental Table 1 for effects of maternal CO exposure.
Our goal was to achieve the CO concentration of a person smoking one-two packs of cigarettes a day. Before finalizing on 150 ppm we attempted concentrations of 75 ppm and 500 ppm. We found that the lower concentration was not effective in achieving the required blood levels of HbCO (as seen in Supplemental Table 1 
). [ 3 8 _ T D $ D I F F ] The higher concentration[ 3 9 _ T D $ D I F F ]
, however, produced behavioral changes in the pregnant mice that indicated toxicity. We therefore conducted our study using 150 ppm, which produced the desired blood levels and did not affect behavior, weight gain or rate of weight gain of the dams.
For in vitro experiments, slices were maintained in an incubator (95% O 2 , 5% CO 2 , 37 8C) at either 0 or 50 ppm CO. Exposure to 150 ppm was attempted in the organotypic slices, but at this exposure the cultures were not viable. Therefore, we reduced the concentration to 50 ppm. Migration was viable at 50 ppm and slices survived for the duration of the experiment. CO levels in the incubator were monitored with a GasBadge Pro CO detector (Industrial Scientific, Frederick, MD).
Histology and laminar measurements
For histologic and immunohistochemical experiments, mice were anesthetized using sodium pentobarbital solution (50 mg/ kg), perfused with ice-cold phosphate buffered saline (PBS) followed by 4% paraformaldehyde in PBS. Brains were removed and stored in 4% paraformaldehyde at 4 8C; they were then sectioned, mounted, stained, and imaged within 72 h. We examined the somatosensory cortex in pups exposed to CO in utero at three ages: postnatal day 4 (P4), 11 (P11), or adult (P56 or later). 40 mm thick coronal sections from somatosensory cortex were stained with cresyl violet as previously described (Gittins and Harrison, 2004) . At each age one pup from 4 different litters was chosen and 3 adjacent sections were evaluated. Images were taken using 10Â magnification (Zeiss Axiovert 200, Thornwood, NY). The cortical thickness was measured as the distance from the pia to the white matter; the thickness of layers 1, 2-4, 5 and 6 was determined by cell morphology and density and measured using Axiovision software. Neuronal distributions and laminar measurements data were analyzed using a two-way ANOVA followed by a Holm-Sidak post hoc test for multiple comparisons (e.g., Poluch et al., 2008) .
Bromodeoxyuridine (BrdU) birthdating and Immunohistochemistry
For birth dating studies, 20 pregnant dams were injected 3Â i.p. at 45 min intervals with bromodeoxyuridine (BrdU; 50 mg/kg, Sigma, St Louis MO) diluted in sterile saline on E12 or E16 as described previously (Miller and Nowakowski, 1988; Noctor et al., 1997; Wojtowicz and Kee, 2006; Duque and Rakic, 2011) . Three injections were given due to the relatively short half-life of the compound and to maximize the quantity of labeled neurons born in a specific time period. Alternative groups of mice that did not receive BrdU were subjected to behavioral testing as described below. In all groups, animals were examined postnatally as adults (P56 or later).[ 8 _ T D $ D I F F ] 40 mm thick vibratome prepared coronal sections were incubated overnight at 4 8C in either rabbit IgG antibodies against GAD 65/67 (1:500, Sigma), MAP2 (1:500, Sigma), CAMKIIa (1:200, Chemicon) or a mouse IgG antibody against parvalbumin diluted in buffer containing PBS, normal goat serum (NGS, 10%), and Triton X100 (0.3%). The slices were washed in PBS and incubated with appropriate secondary antibodies (Alexa Fluor 546-conjugated goat anti-rabbit or goat anti-mouse, 1:500). Slices containing somatosensory cortex were subsequently processed for BrdU immunohistochemistry as previously described (Poluch et al., 2008) . Slices were incubated in ethanol (70%) for 10 min, then placed in 2 N HCl at 37 8C for 1 h, and rinsed in 0.1 borate buffer, pH 8.5 for 20 min. After washing in PBS, slices were incubated overnight at 4 8C in polyclonal rat IgG antibodies against BrdU (1:200; Accurate Chemical and Scientific Corp. Westbury, NY) in buffer containing PBS, NGS (10%), and Triton X-100 (0.3%). Slices were then washed in PBS, and then incubated for 3 h at room temperature with Alexa Fluor 488-conjugated goat anti-rat IgG (1:500). Slices were mounted onto slides using Mowiol, coded to[ 4 0 _ T D $ D I F F ] a blind observer as to the treatment group, and coverslipped overnight prior to imaging. For analysis of each antibody or BrdU immunoreactivity, at least 3 adjacent sections from 4 mice taken from 4 different litters were analyzed from treated and control groups. Also see Table 2 .
Quantitative analysis of distribution
One person, who was blind as to treatment group, assessed the distrbution of labeled cells. To quantify the laminar distribution of double-labeled cells, we obtained images at 25Â with an Axiovert 200 Zeiss microscope equipped with an Apotome and Axiovision 4.7. Images were transferred to Adobe Photoshop where 500 mm wide rectangles of somatosensory cortex approximately 2 mm lateral to the midline were selected and divided into 10 equal bins from the pia to the ventricular zone. The number of labeled cells in each bin was counted and plotted as a percent of the total number of labeled cells. Cells with dense staining of more than half the nucleus were considered BrdUpositive (Costa et al., 2001) . Somatosensory cortex was chosen based on its well-characterized architecture and evidence of susceptibility to prenatal and perinatal insult (e.g., Erzurumlu and Gaspar, 2012; Hara et al., 2012) . Neuronal distributions and laminar measurements[ 9 _ T D $ D I F F ] were analyzed using a two-way ANOVA followed by a Holm-Sidak post hoc test for multiple comparisons (e.g., Poluch et al., 2008) .
cGMP and VASP measurements
Brains from pups exposed to 0 or 150 ppm CO from E7 to P0 were rapidly removed at birth, flash frozen and stored at À80 8C. cGMP was extracted and measured using a commercially available ELISA kit according to the manufacturer's instructions (Cayman Chemical, Ann Arbor, MI). Proteins were extracted from whole brain as previously described (Jacobowitz and Heydorn, 1984) and subjected to Western blot analysis. Blots were probed for VASP and p-VASP (mouse anti-VASP, 1:1000; rabbit anti-phospho-VASP, 1:1000, Enzo Life Sciences, Plymouth Meeting, PA), subsequent secondary antibodies (anti-mouse, 1:5000; anti-rabbit, 1:5000, LiCor Biosciences, Lincoln, NE) and visualized using an Odyssey infrared imaging system (Li-Cor Biosciences, Lincoln, NE). Signal intensity from p-VASP band was divided by the intensity of VASP band to quantify the p-VASP to VASP ratio. cGMP levels, ratio of p-VASP-VASP and behavioral tests were compared between treated animals and controls using a Student's t-test.
Organotypic slice cultures
Embryos were taken from untreated CD-1 pregnant mice at E15 via cesarean section and their brains removed under sterile conditions in a laminar airflow hood. The brains were then cut into 350-mm thick coronal slices containing the ganglionic eminence (GE) and cortical plate using a tissue chopper (Stoeling, Wood Dale, IL). During dissection, brains and slices were perfused with cold oxygenated artificial cerebral spinal fluid (containing in mM: CaCl 2 2.4, KCl 3.2, MgSO 4 1.2, NaCl 124, NaHCO 3 26, NaH 2 PO 4 1.2, glucose 10). Slices were cultured on inserts (Millipore, Bedford, MA) and placed into 6-well plates in Neurobasal media (Gibco, Carlsbad, CA) containing B27, N2, and G.1.2 supplements. In six experiments, the phosphodiesterase inhibitor 3-isobutyl-1-methylxanthine (IBMX; 50 mM Sigma-Aldrich, St. Louis, MO) was added to the media. To visualize migrating neurons, we placed small crystals of DiI (1,1 0 -dioctadecyl-3,3,3 0 ,3 0 -tetramethylindocarbocyanine perchlorate; Molecular Probes, Eugene, OR) into the GE. The slices incubated for 3 days at 95% O 2 , 5% CO 2 at 37 8C with 0 or 50 ppm CO. Slices were then fixed overnight in a solution containing 4% paraformaldehyde in 0.1 M phosphate buffer (pH 7.4). Slices were incubated with the nuclear marker bisbenzamide (0.001%) for 10 min prior to imaging on a fluorescent microscope (Zeiss, Thornwood, NY).
Neuronal migration analyses
Migrating cells from the GE were assessed using a number of parameters. First, using Adobe Photoshop, borders were drawn to delineate between the cortical plate and the intermediate zone.
The lateral border of interest was drawn at the corticostriate junction and the medial border drawn at the boundary of the cingulate cortex. We counted all DiI labeled cells between these boundaries that were contained in the intermediate zone or the cortical plate. The cortical plate was delineated as the dense cellular region approximately 300 mm wide as defined by staining with bisbenzimide. To determine the length of the leading process of a migrating cell, a line from the cell body to the tip of the leading process was measured using ImageJ. For cells with multiple branches, the lengths of all branches in a given cell were averaged (Poluch et al., 2008) . Organotypic slice data were analyzed using a two-way ANOVA followed by a Holm-Sidak post hoc test for multiple comparisons (Poluch et al., 2008) . Mice were exposed to 0 or 150 ppm in utero and examined at P4, P11, or as adults (P56 or later). The overall cortical thickness and laminar thicknesses were measured on cresyl violet stained sections of somatosensory cortex. Laminar thicknesses are also expressed as a percentage of total thickness for each section. Layers of neocortex are indicated with Roman numerals. Data are mean AE SEM. * p < 0.05, ANOVA, followed by Holm-Sidak post hoc test.
Behavioral tests
Adult mice exposed to 0 or 150 ppm CO in utero received a variety of behavioral tests during their active (dark) cycles. We measured locomotion using an Omnitech Electronics Digiscan infrared photocell system. Mice were placed in a 40 Â 40 Â 30 cm clear Plexiglas open field (OFT) and locomotion monitored for 1 h with an Omnitech Model DCM-I-BBU analyzer. The acoustic startle reflex and pre-pulse inhibition tests were measured in a Med Associates Acoustic Response Test System (St. Albans, VT). Startle stimuli consisted of 110 dB white noise bursts (20 ms) preceded 100 ms by 68, 79, or 90 dB 1 kHz pure tones (pre-pulse) . The hot plate responses were measured using an Omnitech Electronics Hot Plate Analgesiometer (Omnitech Electronics, Columbus, OH). Mice were placed on a 26 Â 26 cm square platform maintained at 51 8C. Hotplate latencies were measured as the time from placement on the heated surface until the animal raised and licked a rear paw. Maximum time on the hotplate was 60 s. For behavioral tests, 1-2 pups were randomly selected from 4 litters (n = 7 for each treated and control group). Behavioral tests were compared between treated animals and controls using a Student's t-test.
We considered statistical significance to be reached at p < 0.05. Data summaries are expressed as mean AE standard error of the mean. Both male and female offspring were used in all parts of the study.
See Table 2 for the numbers of animals used in this study.
Results
Prenatal CO resulted in a thinner cerebral wall at P4
To determine if prenatal CO exposure resulted in gross anatomical changes, we examined the structure of somatosensory cortex in pups exposed to CO in utero at postnatal day 4 (P4), P11, and adult (P56 or later). Fig. 1 shows cresyl violet stained sections from untreated and CO exposed brains used to measure cortical thickness. At P4, CO treated mice had significantly thinner cerebral cortices compared to controls (707.5 AE 38.7 mm vs 772 AE 20.1 mm; p < 0.05). There were no significant differences in the relative size of each layer compared to the total cortical thickness (Table 1) . CO treated mice recovered, showing no significant difference in overall cortical thickness or in cortical layers compared to controls at P11 and P56. This can be seen in the figures showing BrDU immunoreactivity.
Prenatal CO altered the distribution of cells born on E12 and E16
To determine if prenatal exposure to CO altered the laminar fate of neocortical cells, we examined the distribution of both early (E12) and later born (E16) cells using BrdU (Fig. 2) . We chose these dates to best study effects on early and late corticogenesis. Four different mice from 4 different litters were used at each injection time; we assessed 3 sections from each mouse (i.e. a total of 12 sections). A high power view of immunoreactive cells can be seen in Fig. 2a , which also shows an image of the distribution of BrdU+ cells in a 500 mm wide column of cortex. In untreated mice, BrdU+ cells after injection at E12 distributed in the bins closer to the white matter, and predominantly located in bins 8-10 (Fig. 2d) , as predicted from prior studies (e.g., Price et al., 1997; Yozu et al., 2004) . In CO exposed mice, a significant proportion of early born (E12) cells occurred in bin 7. After injections at E16, the BrdU+ cells in control brains located in bins 2 and 3, corresponding to layers 2 and 3 as expected (Fig. 2e) . CO treated brains revealed that substantial BrdU+ cells were found in bins 4 and 5 (Fig. 2e) .
Prenatal CO exposure did not alter the laminar organization of MAP2-or CAMKIIa-positive neurons
To determine the phenotype of displaced cells, we examined the distribution of cells likely to be projection neurons using antibodies targeting MAP2 or CAMKIIa ( Fig. 3a ; Supplemental Fig. 1 ) (Noctor et al., 1999; Curtetti et al., 2002) . MAP2+ neurons distributed in all cortical layers, with higher numbers in bins 2 and 3, which correspond to layers 2/3 in untreated and CO-exposed adult cortex (Fig. 3b) . Similar distributions of BrdU+ and MAP2+ cells were seen in control and CO-exposed mice ( Fig. 3c and d) . To confirm that likely projection neuron distributions did not alter after CO exposure, we also evaluated the distribution of CAMKIIa+ cells, which are described as excitatory (e.g. Anderson et al., 2002) . There was no significant difference in the distribution of CAMK-IIa+ cells in treated compared to control brains (Supplemental Fig. 1 ).
[ ( F i g . _ 1 ) T D $ F I G ] Fig. 1 . Cresyl violet stained sections of somatosensory cortex at P4. Mouse pups were examined at P4, P11, or as adults (P56 or later), 40 mm thick coronal sections containing somatosensory cortex were stained with cresyl violet. Cortical thickness and layer thicknesses were measured in a region approximately 2 mm lateral to the midline. Shown here are images from a control (0 ppm) and treated (150 ppm) P4 somatosensory cortex. (n = 4 mice, 3 slices/mouse; * p < 0.05; Student's t-test). Also see Table 1 . Table 2 Presented here are the numbers of litters and animals used in this study. These include the pregnant dams and the number of litters, as well as the offspring used in all aspects of the experiments. The number of litters are indicated in the top section; the number of pups or mice (i.e. those that matured and were used as adults) are shown on the bottom. For the animals used for Nissl and Immuno (E,F) 1 animal was used from 4 of the B & C litters for each different condition tested. For the animals used for organotypic cultures, 2 embryos from each litter were used to prepare the cultures. For the animals used in behavior (G), 1-2 animals from 4 of the A litters were used, while for the animals used for Biochemical experiments (H), 2 animals each from 4 of the A litters were used. 
Control
Prenatal CO altered interneuron distribution
Since the displaced neurons are not glutamatergic, we assessed whether they were GABAergic. To do so, we quantified the distribution of interneurons with the immunological marker GAD 65/67 in adult mice (Fig. 4a ). There were no differences in the overall number of GAD65/67+ cells, but they showed differences in laminar positioning when comparing the untreated versus CO treated brains. Treated mice showed a laminar repositioning of interneurons with an increase in the proportion of interneurons in upper layers (bin 3) and relative decrease in deeper layers (bin 7 and 8) of the cortex (Fig. 4b) . We further investigated E12 and E16 born interneurons with BrdU immunohistochemistry. In treated adult mice, GAD65/67+ cells that incorporated BrdU on E12 were significantly displaced, showing an increase in bin 7 and a decrease in bins 9 and 10 (Fig. 4c) . E16 BrdU+/GAD65/67+ cells were also significantly displaced, with an increase of proportion in bin 3 and 4 and a decrease in bin 2 (Fig. 4d) . See Supplemental Fig. 2 for lower power images of BrdU and GAD65/67 immunohistochemistry.
To further determine if specific subsets of interneurons were affected by CO treatment, control and treated brains were immunoreacted with antibodies directed against parvalbumin (Fig. 5a ). PV+ cells born on E12 were almost entirely confined to layer 6 in control animals, but showed a dramatic increase in layer 5 in CO treated adult mice (bin 7, Fig. 5b ). E16 born PV+ cells were proportionally reduced in bin 2 in treated mice (Fig. 5c) . See Supplemental Fig. 3 for a lower power view of BrdU coupled with PV immunohistochemistry. Since cortical GABAergic neurons are born in the ganlgionic eminence and reach the cortex via tangential migration, our results suggest that this process is altered in animals exposed to CO in utero.
[ ( F i g . _ 4 ) T D $ F I G ]
CO exposure impairs interneuron migration and results in shorter leading processes
To study the direct effects of CO gaseous signaling on interneuron migration we used organotypic slices. Cells in the ganglionic eminence were labeled using DiI (Fig. 6) . After 3 days in vitro, the slices were placed in fixative prior to imaging. To determine factors that might affect the motility of migrating cells after exposure to CO, we measured the length of the leading processes. In control conditions, the mean leading process length was 78.4 AE 0.7 mm (Figs. 6C and Fig. 7) . Treated cells had significantly shorter leading processes (64.3 AE 1.3 mm; p < 0.001;
Figs. 6E and Fig. 7) , suggesting that the ability to migrate effectively was altered. This was true both for measurements while cells 
[ ( F i g . _ 5 ) T D $ F I G ]
Prenatal exposure to CO results in decreased levels of cGMP and phospho-VASP
To better understand an underlying mechanism that might influence impaired migration, we determined if CO exposure affected production of the secondary messenger cGMP. Brains of pups (P0) from 2 different litters were assayed for cGMP after exposure to either 0 or 150 ppm CO from E7 until birth. Exposed mice had significantly lower levels of cGMP (Fig. 8a) . To determine if downstream targets of cGMP were affected, brains from alternate pups were assayed for proteins using Western blots. We probed for p-VASP and VASP in the same blot, and imaged the bands simultaneously on different infrared emission channels (Fig. 8b) . The phosphorylated form of VASP should inform if VASP has been activated downstream of cGMP. From those images, we quantified the ratio of p-VASP to VASP. Mice exposed to CO in utero had significantly lower p-VASP/VASP ratios (Fig. 8c) suggesting less activation of VASP.
IBMX restored the leading processes of migrating interneurons
Since CO ultimately impaired neuronal migration and the treated cells had shorter leading processes, we asked if the CO/NOcGMP-cGK pathway was affected, as suggested by the cGMP reduction in CO treated brains. CO can act as a partial agonist to sGC, however, in our experiment, chronic exposure resulted in the decrease of cGMP. To maintain endogenously produced cGMP, we used the phosphodiesterase inhibitor IBMX. We then measured the length of leading processes in cells treated with IBMX and grown in the presence of CO. In CO treated slices, IBMX successfully restored the length of leading processes of migrating interneurons (Fig. 7) . This effect was valid for cells reaching the cortical plate and those found in the intermediate zone.
Prenatal exposure to CO produced changes in animal behavior
To determine if CO exposure had long lasting impacts on cortical function, we explored behavior in adult mice using three behavioral paradigms: the OFT, pre-pulse inhibition test, and hot plate test. In overall locomotor behavior, the treated mice appeared remarkably similar to controls. When assessed in the open field, treated mice behaved similar to controls in a variety of parameters including overall activity, distance traveled and time spent moving (Fig. 9a ). Mice were tested for sensorimotor gating using the prepulse inhibition test. Control mice reliably inhibited their response by approximately 20%; however treated mice did not possess significant pre-pulse inhibition and consistently reacted strongly to the startle stimulus (Fig. 9b) . In the hot plate test, control mice elicited a paw withdrawal response latency of 32.7 AE 1.8 s. Treated mice had significantly lower nociceptive thresholds, with a mean response of 22.6 AE 1.5 s (Fig. 9c) . These results suggest that negative behavioral responses to CO exposure in utero persist into adulthood.
[ ( F i g . _ 7 ) T D $ F I G ]
Discussion
The results of our study show changes in both structure and function of the cerebral cortex after prenatal CO exposure. Exposure to low concentrations of CO during neocortical development, similar to the amount inhaled by heavy smokers, results in an altered laminar fate of cells. The majority of displaced cells are interneurons. Mice exposed to CO in utero also lack pre-pulse inhibition to the acoustic startle reflex and are significantly hyperalgesic. We thus demonstrate here another toxic effect of maternal smoking that can produce permanent structural and functional consequences in the developing fetus.
Prenatal exposure to CO produces a number of neurological effects. When delivered at low concentrations, CO induces a variety of neurobehavioral abnormalities in rat offspring Annau, 1977, 1980; Fechter, 1984, 1985; Di Giovanni et al., 1993) . Prenatal CO exposure also affects a variety of neurotransmitters in the developing brain. Cagiano et al. (1998) demonstrated in male rats that low CO concentrations elicited changes in mesolimbic dopaminergic function and impaired sexual behavior. Storm and Fechter (1985) found changes in cerebellar catecholamines and linked these changes with deficiencies in motor test performance and in learning and memory. Storm et al. (1986) noted a decrease in total GABA content in the cerebelli of 10 day old rats exposed to CO prenatally, suggesting GABAergic neurons may represent a subpopulation of neurons particularly vulnerable to CO toxicity. Later, Benagiano et al. (2005) demonstrated layer specific decreases in GABA content in the cerebellum, to support evidence of motor impairments. We demonstrate altered laminar fate and distribution of interneurons in adults exposed to CO during fetal development. Our study and others (Benagiano et al., 2005) suggest that GABAergic neurons may represent a subpopulation of neurons particularly vulnerable to CO toxicity. This is significant considering
altered in neurological disorders such as schizophrenia (Hyde et al., 2011; Tao et al., 2012) .
It may be tempting to ascribe the results observed to acute or chronic hypoxia. Studies of acute hypoxia, however, use low levels of O 2 in vivo or in vitro. While we cannot discount the possibility that hypoxia played some role in the changes we measured, the HbCOs are in the range of a heavy smoker, not someone acutely or chronically hypoxic.
CO administration during neocortical development alters interneuron distribution
In our in vitro study the leading processes of CO treated cells were significantly shorter. This suggests that the laminar defect observed in treated adults is the result of altered tangential migration of GABAergic neurons generated in the ganglionic eminence. Interestingly the normal distribution of MAP2 and CAMK-IIa projection neurons indicates selective vulnerability to insult during development. Previous work in our lab reported this cell population as uniquely susceptible to environmental insults (Poluch et al., 2008) . Specific involvement of GABAergic neurons has also been noted in other models of maternal exposure including cocaine (Crandall et al., 2004; McCarthy et al., 2011) , bisphenol (Nakamura et al., 2007) , ethanol (Cuzon et al., 2008) and methylazoxy methanol (Poluch et al., 2008) . One possibility to selectively affect GABAergic cells is the well-known long and arduous path of migration taken by interneurons, which may make them more susceptible to disruptions (e.g., Wonders and Anderson, 2006) . We observed alterations of a subpopulation of interneurons: PV-expressing cells. PV expressing interneurons arise from the medial ganglionic eminence MGE and represent a unique subpopulation of interneurons based on morphology and activity (e.g. Inan et al., 2012) . They reside predominantly in middle to deeper layers of the cortex, have a distinctive basket-like morphology, and generally show fast-spiking firing activity (Kawaguchi and Kondo, 2002) . These displaced PV cells may alter the overall excitatory/inhibitory tone throughout the cortex. In addition, the leading processes of treated cells were significantly shorter, suggesting that CO treatment affected cytoskeletal components. This supports previous research implicating the importance of the cytoskeletin influencing the rate of cellular migration (Goh et al., 2002) .
The CO/NO-cGMP pathway is important for neuronal migration
The developing fetus is particularly vulnerable to insult, as CO readily crosses the placenta and binds to fetal hemoglobin with a higher affinity than adult hemoglobin (Longo, 1970) . During chronic exposure, the gas may accumulate in tissues and act as a signaling molecule. CO and NO participate in many similar signaling pathways. NO is important for cellular processes involved in development and neuronal migration, particularly through the formation of the second messenger cGMP (Haase and Bicker, 2003) . The role of NO-mediated production of cGMP through the activation of soluble guanylate cyclase (sGC) in neuronal migration was characterized in detail using insect models of development. In the hemimetabolous grasshopper (Locusta migratoria), Haase and Bicker (2003) observed that NOinduced production of cGMP is an essential component of neuronal migration in that neurons fated for the midgut plexus exhibited inducible cGMP immunoreactivity during the migratory phase of development. Furthermore, pharmacologic inhibition of endogenous nitric oxide synthase (NOS), sGC, and cGMPdependent kinase (cGK) each significantly decreased neuronal migration (Haase and Bicker, 2003) . Endogenous CO is produced by heme oxygenase (HO) via the metabolism of heme, and can signal comparably to NO via the cGMP/cGK cascade (Boehning et al., 2003) . In the grasshopper embryo, enteric neurons express HO while migrating to the midgut, suggesting CO may also play a critical role in migration (Bicker, 2007) . In an in vitro model Tegenge and Bicker (2009) showed that NO and cGMP positively induce neuronal migration in human neuronal precursor (NT2) cells. Ding et al. (2005) described the developmental expression profile of sGC in the mouse, which parallels the period of neuronal migration in the developing brain. Furthermore, mice with the gene for sGC deleted develop an abnormal neocortex, consistent with deficiencies in neuronal migration (Demyanenko et al., 2005) . In the mouse embryo, tangentially migrating neurons from the ganglionic eminence produce cGMP earlier than neurons situated in the cortex, and also produce cGMP in response to exogenous NO treatment (Currie et al., 2006) . The evidence that cGMP is crucially involved in neuronal migration suggests that alterations of cGMP levels, such as that induced by exogenous CO, may dramatically affect neuronal migration and neocortical development.
Because previous studies demonstrated the effects of NO on neuronal migration, we hypothesized that CO could influence migration by affecting the production of cGMP. Under normal conditions, NO stimulates soluble gunaylate cyclase to produce cGMP. cGMP then activates a cGMP-dependant kinase, which phosphorylates a number of important proteins, including the actin associated protein VASP. Phosphorylation of VASP prevents the capping of actin, and promotes polymerization, a critical component of neuronal migration (Fig. 10a) . CO acts as an agonist to soluble gunanylate cyclase similar to NO, and can also result in the formation of cGMP (Verma et al., 1993) . Our early expectation was that CO exposure would result in an increase in cGMP. However, chronic CO exposure in utero resulted in a cGMP decrease in pups at birth. Furthermore, although CO activates sGC with a similar mechanism to NO, it activates sGC 25-50 fold less than NO ([ 4 8 _ T D $ D I F F ] Kharitonov et al., [ 4 9 _ T D $ D I F F ] 1995) Therefore, CO appears to act as a partial agonist to the enzyme during chronic exposure, thereby interfering with the formation of cGMP by endogenous NO (Fig. 10b) .
Decreased cGMP leads to a decrease in the subsequent activation of cGMP dependent kinases, which phosphorylate a number of proteins involved in neuronal migration such as the actin associated complex Ena/VASP. Under normal conditions, phosphorylation of Ena/VASP results in actin binding, preventing the binding of other capping proteins. This results in the continued polymerization of actin, a critical element in neuronal migration (Laurent et al., 1999) . To illustrate the importance of Ena/VASP during neuronal migration and development, Goh et al. (2002) disabled Ena/VASP through the retroviral introduction of FP4-MITO, which binds Ena/VASP to mitochondria. This resulted in a shift of layer 5 pyramidal neurons to upper layers 2 & 3 of the cortex. The authors attributed this effect to either a delayed emergence from the ventricular zone or a decreased rate in migration. We show here that chronic exposure to CO results in a decrease in phospho-VASP. These decreased levels may also have effects on neuronal migration, specifically interneurons migrating from the GE.
Migration defects caused by CO are reversed by IBMX
An additional goal of this study was to determine if CO impaired migration via cGMP dependent pathways. If CO acts as a partial agonist to sGC, then it may be possible to maintain the cGMP produced by inhibiting its breakdown. To test this hypothesis we incubated organotypic slices in both control and CO environments in the presence of the phosphodiesterase inhibitor IBMX. In CO treated slices, IBMX treatment resulted in a complete recovery in the length of leading processes, suggesting that cGMP levels were a critical component to the cytoskeletal architecture involved in cellular migration (Fig. 10c) . These data further support our hypothesis that CO impairs migration of cells via the inhibition of cGMP production.
CO directly affects migrating interneurons as a signaling molecule
Our results have profound implications in understanding CO toxicity, particularly in chronic low levels. Chronic exposure may result in an increased cellular partial pressure of CO and have effects on NO-mediated signaling pathways. As indicated above, although CO can activate sGC with a mechanism similar to NO, it does so with greatly reduced rate. Here we demonstrate that chronic CO exposure results in a decrease in cGMP and phospho-VASP. This effect is rescued with the phosphodiesterase inhibitor IBMX, which causes recovery in the length of leading processes of migrating neurons. These data provide further evidence of the toxic effect of chronic low level CO exposure on brain development.
Our organotypic slice experiments demonstrate that CO can impair migration via the CO-sGC-cGMP pathway. This effect is merely one of many mechanisms mediating the toxicity of CO. CO also affects oxidative metabolism via inhibition of cytochromes in the mitochondrial electron transport chain. A recent study by Cheng et al. (2012) showed that brief perinatal exposure to 100 ppm CO impairs cytochrome c release, caspase-3 activation, and inhibits developmental apoptosis (Cheng et al., 2012) . While this study demonstrates an additional mechanism that could account, in part, for our results, its brief exposure (3 h) during the perinatal period is [ ( F i g . _ 1 0 ) T D $ F I G ] Fig. 10 . Model of the effects of NO and CO on neuronal migration. (a) Shows that NO stimulates soluble guanylate cyclase (sGC) to produce cGMP. cGMP then activates a cGMP dependent kinase to phosphorylate VASP. Phospho-VASP inhibits the capping of actin, and promotes polymerization, which leads to leading process extension and neuronal migration. (b) CO acts as a partial agonist to soluble guanylate cyclase (sGC), and in the chronic exposure results in a decrease in cGMP. This leads to decreased phospho-VASP, shortened leading processes, and diminished neuronal migration. (c) Shows that inhibition of phosphodiesterase with IBMX can partially rescue the effect of CO on both leading process length and neuronal migration. Abbreviations-NO: nitric oxide; cGMP: cyclic-guanosine monophosphate; VASP: vasodialator-stimulated phosphoprotein; CO: carbon monoxide; IBMX: 3-isobutyl-1-methylxanthine. a major difference in study design, making it difficult to directly compare the results.
CO administration during neocortical development leads to alterations in behavior
Prenatal CO exposure also resulted in behavioral changes of the offspring. Overall locomotor activity was similar in treated mice compared to controls. This was not surprising, as the differences noted in interneuron distribution were subtle, and not detected with a gross behavioral test. The pre-pulse inhibition test measures sensorimotor gating more sensitively, which engages many brain structures, including somatosensory, insular, and cingulate cortices (Neuner et al., 2010) . This test is highly conserved across mammals, and considered one of the most translatable tests from mouse to human . Mice exposed to CO in utero showed impaired pre-pulse inhibition. This phenomenon occurs in schizophrenic patients, who also have altered interneuron distribution and lack pre-pulse inhibition (Braff et al., 1978; Kumari et al., 2000) . The hot plate test assesses supraspinal mediated pain processing that involves somatosensory cortex and GABAergic transmission. Transgenic mice lacking GAD-65 demonstrated hyperalgesia, while mice bred to overexpress the GABA transporter GAT-1, altering the tonic GABA levels in the synaptic environment, exhibited hyperalgesia to a variety of thermal and chemical nociceptive challenges (Hu et al., 2003) . In our study, mice exposed to CO in utero had significantly shorter hot plate latencies compared to controls, consistent with previous reports that alterations in GABAergic activity can influence nociception. Overall, these observations suggest that the alterations we found in neocortical cell positioning and impaired migration were reflected in behavior[ 1 2 _ T D $ D I F F ] .
